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A phase-field model is developed for studying the cation interdiffusion across electrolyte-electrode interfaces in solid oxide fuel cell (SOFC) that can be contributing to long timescale performance degradation. Demonstrated on an interface between an 8%molY 2 O 3 -stabilized ZrO 2 and a La 0.65 Sr 0.3 MnO 3Àx typically used in SOFC, time-dependent evolution of the cation interdiffusion profiles are predicted by linking the phase-field model to a diffusion equation. The simulated interdiffusion profiles agree with independent experimental data in both time and space domains at different temperatures. Cation interdiffusion across solid phase interfaces occurs at all temperatures in multicomponent systems driven by chemical potential and electric potential gradients. Such interdiffusion is a primary contributor to performance degradation in many solid-state electrochemical devices. 1, 2 In solid oxide fuel cells (SOFCs), ambipolar diffusion of multiple cations and oxygen anions occurs across the cathode-electrolyte interface through the migration of oxygen vacancy during cell fabrication and operation, 3, 4 with impurity cations diffusing into the host crystal lattice. Such interdiffusion corrupts the ideal interface by introducing time-dependent changes to chemical compositions, which could affect electrochemical activity, interfacial free energy, and other fundamental properties. In a worse case, cation interdiffusion may promulgate formation of resistive phases at the interface and/or triple phase boundaries, 4 which significantly block the transport of oxygen anion and hence deteriorate the cell performance. Therefore, knowledge of cation interdiffusion is centrally important for designing SOFCs with improved durability.
Concentration profiles of cation interdiffusion can be measured experimentally for selected systems, but the vastness of the thermodynamic parameter space prohibits empirical analysis of every electrolyte-electrode system over relevant operating conditions and times. It is imperative, therefore, to computationally assess the time-dependent evolution of interdiffusion profiles across electrolyte-electrode interfaces, whereby promising materials systems and processing conditions can be identified. The theoretical interdiffusion behavior in one dimension can be described by a conventional diffusion equation
where c is the concentration and x is the diffusion distance along the concentration gradient @c=@x. The concentration dependent interdiffusion matrixD in Eq. (1) can in principle be extracted from experimentally measured concentration profiles using Boltzmann-Matano analysis for a set of judiciously chosen diffusion couples with one common intersecting composition, 6 which however, is technically challenging for the present multicomponent electrode-electrolyte system. This paper describes a phase-field description 7 9 A large amount of oxygen vacancies are present in both YSZ and LSM. The model assumes constant bulk interdiffusion matrices in single-phase YSZ electrolyte and LSM cathode, and institutes a scheme for combinatorial estimation of the matrix at the interface. Specifically, a phase variable g is introduced to represent these phases of different inter-diffusive behaviors, i.e., g ¼ 1 and 0 for the single-phase YSZ and LSM, respectively, and 0 < g < 1 for their interface, as shown in Fig. 1(a) . In doing so, the concentration-dependent interdiffusion matrixD cðx; tÞ ½ in Eq. (1) can be replaced by a phase variable-dependent effective interdiffusion matrix D eff gðx; tÞ ½ . This is applicable because the evolution of g (via Allen-Cahn equation 10 ) is linked to the evolution of the concentration profile. The simulated interdiffusion profiles are later shown to agree with high spatial resolution element concentration analysis via energy-dispersive spectrometry (EDS) equipped in transmission electron microscope (TEM) 4 in both time and space domains at different temperatures.
The analytical expression of the interdiffusion coefficient in single-phase YSZ or LSM is derived using early theories established for multicomponent diffusion in silicates 11 and ceramics. 12 For any of the six ions shown in Figure 1 (a), the ionic flux J i can be written as where c i and z i are the concentration and valence of the ion, respectively; u i is the mobility of the ion that relates to its tracer diffusion coefficient D Ã i ¼ RTu i (R is the ideal gas constant and T is the absolute temperature) via the Nernst-Einstein equation; 13 e is the elementary charge; u is a mean electric potential relating to the average Coulomb force from the motion of all ions; the @l i /@x and @u/@x refer to the chemical potential gradient and electric potential gradient, respectively, which are the driving forces for the ionic fluxes. By assuming a zero net flow of electric charges
and thereby the @u/@x can be obtained as
In light of Eq. (4), J i can be further expressed as
Note that the condition of zero net charge flow [Eq. (3)] could also eliminate the flux of the oxygen anion [14] [15] [16] as a dependent variable and therefore focus on cationic flux. The chemical potential gradient @l i /@x in Eq. (5) can further be transformed into the measurable concentration gradient @c i /@x based on
where l 0 i is the chemical potential at the standard state and c i is the activity coefficient. Upon the local electroneutrality condition
the concentration gradients of the five cations are intrinsically coupled as
Both solid electrolytes and electrodes are considered as near ideal solution (c i % 1) for simplicity, with intrinsic diffusion coefficient almost equal to the tracer diffusion coefficient. Based on that, combination of Eqs. (5)- (8) 
where d ij ¼ 1 and 0 for the diagonal (i ¼ j) and off-diagonal (i 6 ¼ j) interdiffusion coefficients, respectively, and D Ã 6 denotes the tracer diffusion coefficient of the oxygen anion. Furthermore, the effective interdiffusion matrixD eff ij across the YSZ-LSM interface is derived using a phase-field diffuse-interface description 
Meanwhile, the temporal and spatial evolution of the non-conserved 7 phase variable g is described using the Allen-Cahn equation
where
] is the kinetic evolution coefficient, and the f (c i , g) is the chemical free energy of the LSM-YSZ composites, constructed as
From Eq. (13), evolution of g is related to the concentration c, thus allowing coupled evolution of g and c. The last term on the right of Eq. (13) (11) and (12) are solved iteratively using finite-difference method in a one-dimensional discretized system of 100Dx, with the grid size Dx ¼ Dx*Dl, where Dx* is the reduced grid size and Dl is a characteristic length in real space. Nondimensionalization is also performed for the other coefficients in Eqs. (11) and (12) as
] and f c [J m À3 ] are the scaling coefficients for the interdiffusion coefficients and free energy density, respectively. The initial concentration distributions of cations are uniform with c ¼ c 0 i from n x ¼ 0 to n x ¼ 50, and c % 0 for n x > 50 for Zr 4þ and Y 3þ in the YSZ electrolyte. A similar arrangement is adopted for Mn 3þ , La 3þ , and Sr 2þ in the LSM electrode, as shown in Fig. 1(c) , where n x is the number of grid points. Values of c 0 i are calculated based on the bulk molecular formula. Note that the oxide interface investigated is within the frames of both the solvent-fixed and volume-fixed references, 11, 12 where the matano plane fixing two equal areas on the concentration profiles 5 always locates at the center of the simulation system (n x ¼ 50) due to the equal assumed molar volumes of the YSZ and LSM.
For illustration, we first simulate the cation interdiffusion profiles measured via high spatial resolution EDS in the electrolyte-electrode system of YSZ-LSM fabricated by cofiring at 1400 C for 60 min in an air furnace. 4 Taking Dx* ¼ 0.5, Dl ¼ 3 nm, and Dt* ¼ 0.001 for a real time step of Dt ¼ 0.9 s, the evolution of the cation interdiffusion profiles is illustrated in Figs. 2(a) Table S1 in the Supplemental Materials. 21 Although the tracer diffusion coefficients used as input are obtained by calibrating the experimentally measured interdiffusion profiles across the LSM-YSZ interface (Ref. 4) , they are comparable in magnitude to available data taken from tracer experiments 22 (e.g., the experimentally measured tracer diffusion coefficient of Zr 4þ in YSZ is also at the order of 10 À16 cm 2 s À1 at 1400 C, see the first paper listed in Ref. 22 ) and/or ab initio calculations. 23 Note that the diagonal values of the interdiffusion matrix correspond to the intrinsic diffusion behavior of a certain cation while the off-diagonal values govern the strength of inter-coupling among different cationic fluxes. Specifically, the diagonal elements D (Table S1 in across the interface. This accounts for the appreciably asymmetric behavior [see Fig. 2(c) ] in the cation interdiffusion profiles of Mn 3þ along the two sides of the matano plane, whereas profiles of the other cations are more symmetric. We further performed simulations using different interface configurations (distributions of g) shown in Fig. 1(b) , but the obtained interdiffusion profiles show little difference with those in Figs. 2(a)-2(c) (not shown here) . Such is further evidence for the overall weak dependence ofD eff ij on the distributions of g in the specific electrolyte-electrode system.
The above-mentioned YSZ-LSM sample was further annealed at 1000 C in an air furnace for another 1000 h. 4 For further validation, we simulated the time-dependent cation interdiffusion during such annealing process, using the concentration profiles obtained in Fig. 2(c) as the input. The temperature dependence of the tracer diffusion coefficient is given by the Arrhenius-type relation
where T 0 is the reference temperature (1673 K), D
is the tracer diffusion coefficient at T 0 , Q is the activation energy, and k B is the Boltzman constant.
Figures 3(a)-3(c) display the time-dependent cation interdiffusion profiles at 1000 C. Among them, the simulated profiles after a 1000 h annealing [solid lines in Fig. 3(c) ] agree well with experimental measurements on the same sample 4 that is first co-fired at 1400 C for 1 h then annealed at 1000 C for 1000 h [the symbols in Fig. 3(c) ]. Fig. 2(d) ], the simulated concentration profiles are basically symmetric along the two sides of the matano plane.
Furthermore, as the average changes in the effective interdiffusion matrixD eff ij across the interface are not large at both 1400 C and 1000 C, the whole evolution can be approximated as two isothermal interdiffusion processes with constantD eff ij . In this regard, the length of interdiffusion zone for each ion (W L ) should almost be in linear proportion to the square root of the time (t 1/2 ), 5 as demonstrated in Fig.  S1 in Ref. 21 .
Finally, we would like to mention that the present model focuses on the ambipolar interdiffusion of cation(s)-oxygen anion pair(s) across the electrolyte-electrode interface during the high-temperature processing of SOFCs by assuming local charge neutrality condition [Eqs. (3) and (7)]. It should be pointed that the presence of electron conduction in LSM and oxygen vacancy diffusion in YSZ could reduce the ambipolar nature of cation interdiffusion between LSM and YSZ. It should also be noted that the possible diffusion along the electrolyte-electrode interface (i.e., interphase diffusion) at such high temperature (e.g., 1400 C) is beyond the scope of this paper. Modification in electrostatic boundary conditions is required to predict the interdiffusion during the cell operation of SOFCs with the presence of electrode polarization.
In summary, the cation interdiffusion behaviors across the solid oxide interface of YSZ-LSM have been described based on a phase-field model derived for phase-variable-dependent effective interdiffusion matrix of multiple cations. The simulated interdiffusion profiles agree well with the experimental data in both time and space domains at two different temperatures (1400 C and 1000 C). The model provides a good starting point for investigation of the interdiffusion in the YSZ-LSM systems of different compositions and can be easily extended to other electrolyte-electrode systems in SOFCs. The rather general concepts of ionic interdiffusion across the solid oxide interface are transferable to other solid-state electrochemical devices such as solidstate lithium batteries. 24 This work was supported by the National Energy Technology Laboratory's on-going research in the area of cathode modeling in Solid Oxide Fuel Cells under the URS Contract No. 0004000.3.621.054.001.211.000.007.
